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ABSTRACT
We use scanning nonlinear dielectric microscopy (SNDM) to visualize unintentional carrier doping of few-layer Nb-doped MoS2 mechani-
cally exfoliated on SiO2. SNDM enables imaging of the majority carrier distribution in as-exfoliated samples at the nanoscale. We show that,
unlike thick MoS2 layers, atomically thin layers exhibit a p- to n-type transition as the thickness decreases. The level of the observed unin-
tentional n-doping is estimated to be 1 1013 cm2, in agreement with the results of previous independent studies. In addition, the influ-
ence of ultraviolet–ozone treatment on the majority carrier distribution is also investigated. The n-type doping is observed to progress with
increasing processing time. SNDM can be readily applied to atomically thin layered semiconductors and will advance understanding of and
the ability to predict device characteristics even at an early stage of the fabrication process.
Published under license by AIP Publishing. https://doi.org/10.1063/5.0016462
I. INTRODUCTION
In recent years, atomically thin layered materials have attracted
much attention because of their excellent and unique material
properties.1–17 Among them, semiconductor materials such as
MoS2 have potential applications in new electronic and optoelec-
tronic devices.5,15,16,18–23 For example, field-effect transistors
(FETs) fabricated with single-layer MoS2 as a channel material
exhibit high carrier mobility and a high on/off ratio, which are
attractive features for next-generation miniaturized electronic
devices.15 In addition, unlike their multilayer counterparts, single-
layer layered semiconductors have a direct-transition bandgap in
the visible-light region; thus, application of single-layer semicon-
ductors in optoelectronic devices is also expected.14,24–26
New-concept devices such as valleytronics devices27–29 and van der
Waals heterostructure devices17 are also emerging.
Despite much progress and extensive effort over the past
decade, numerous challenges impeding the practical application
and industrialization of atomic-layer devices remain unsolved.30
Because atomic-layer devices, especially those composed of single-
layer materials, have very high surface-to-volume ratios, their
electrical characteristics are highly susceptible to external influ-
ences. In the device fabrication process, defects and impurities
unintentionally introduced onto surfaces can easily change the
carrier concentration, making the doping level in atomic-layer
devices difficult to control.31–33 In fact, the surface of MoS2 can be
unintentionally n-doped, which makes fabricating atomic-layer
MoS2-based bipolar devices difficult.
32 FETs fabricated with
Nb-doped p-type MoS2 can exhibit a p- to n-type transition at the
atomically thin channel.33 Controlling the carrier concentration by
doping is also important for modulating the optical properties of
single-layer MoS2.
19
To promptly find and understand anomalies in the doping
levels on atomically thin semiconductors, nanoscale imaging of the
carrier concentration distribution is useful. In particular,
microwave-based scanning probe microscopy methods34–41 can
directly image atomically thin layered semiconductors prepared on
insulating substrates such as SiO2 without requiring the fabrication
of contact electrodes34,36 and will aid in the pre-evaluation of
samples before device structures are fabricated. Among these
methods, scanning nonlinear dielectric microscopy (SNDM)42,43
enables imaging of the majority carrier distribution even on
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single-layer semiconductors.41 SNDM locally detects voltage-
dependent differential capacitance (dC=dV), which is sensitive to
the polarity and concentration of majority carriers below the tip.
Because of its exceptionally high sensitivity to dC=dV ,43 SNDM
can be carried out even in an intermittent contact mode, which is
beneficial for avoiding damage to the tip and sample.41
Here, we use SNDM to investigate the unintentional doping
on Nb-doped MoS2 mechanically exfoliated on thermally oxidized
Si substrates. The present work is based on our previous brief
report44 and provides comprehensive data on the multilayer and
few-layer Nb-doped MoS2 and a comparison with natural MoS2. In
addition, we image the effect of ultraviolet ozone (UV/O3) treat-
ment on the majority carrier distribution on the same sample.
UV/O3 has often been used as a treatment prior to the growth of
gate dielectrics.45–49 SNDM images show that UV/O3 treatment in
air promotes n-type doping of MoS2 on SiO2.
II. SCANNING NONLINEAR DIELECTRIC MICROSCOPY
SNDM is a scanning probe microscopy method developed
over the course of more than 20 years and has various derivative
methods.43 In the present study, we used SNDM together with
intermittent-contact-mode atomic force microscopy (AFM), which
is known as a peak-force tapping (PFT) mode (Bruker).50 AFM is
used to control the force between the tip and the sample and for
simultaneous measurement of topographic images. The setup is
basically the same as that used in our previous work.41,44
Figure 1 shows a schematic of the setup.41 SNDM enables
detection of the variation in the tip–sample capacitance via a self-
oscillating capacitance sensor.42 The capacitance sensor is typically
an LC oscillator oscillating at a few gigahertz.51 As shown in Fig. 1,
a conductive sharp tip is mounted very closely on a built-in LC
tank circuit to form an LC oscillator with additional electric com-
ponents. This sensor converts the variation in the tip–sample
capacitance to a shift of the oscillation frequency. Let us assume
that the tip-sample capacitance Cts changes from the original value
Cts0 to Cts0 þ ΔCts and that the oscillation frequency ( f ) also shifts





f0 þ Δf . Because jΔCtsj  Cts0 þ C is typically satisfied, ΔCts is
approximately proportional to Δf as Δf  (f0=2(C þ Cts0))ΔCts.
This detection mechanism can be understood as narrow-band fre-
quency modulation by ΔCts; thus, by applying a frequency demod-
ulator, we can obtain Δf . If Cts is modulated by a small sinusoidal
voltage V(t) ¼ Vp cosωpt, ΔCts is given as
ΔCts  dCtsdV Vp cosωpt: (1)
The amplitude of ΔCts, or (dCts=dV)Vp, can be acquired using a
lock-in amplifier.42 By dividing this amplitude by Vp, we obtain
dCts=dV , which is here referred to as the dC=dV signal. Here, the
modulation frequency should be much smaller than the oscillation
frequency of the LC oscillator and typically in the range from
100 kHz to 1MHz in the PFT mode.
For semiconductor samples, the dC=dV signal originates from
the local capacitance associated with a depletion layer below the
tip.52 Let us assume that the conductive tip is in contact with a
sample surface. The tip, an insulating layer (e.g., an oxide layer or
a Schottky barrier), and a semiconductor can then constitute a
microscopic metal–insulator–semiconductor (MIS) structure. This
local MIS structure is considered a microscopic analog of an MIS
capacitor, which is well known in semiconductor physics. The tip
corresponds to the gate electrode. By applying a voltage between
the tip and the semiconductor, the microscopic MIS capacitance
FIG. 1. Schematic of scanning nonlinear dielectric microscopy combined with peak-force tapping mode atomic force microscopy. Adapted with permission from
K. Yamasue and Y. Cho, Appl. Phys. Lett. 112, 243102 (2018). Copyright 2018 AIP Publishing LLC.
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can be modulated. This microscopic capacitance modulation typi-
cally arises from the tiny variation in the depletion-layer capaci-
tance caused by the applied sinusoidal voltage. The resulting
periodic capacitance variation is detected through a gigahertz elec-
tric field originating from the tip. The capacitance variation is
much smaller than the depletion-layer capacitance under typical
experimental conditions.
For atomically thin semiconductors, as the number of layers
decreases, quantum capacitance53 manifests instead of depletion-
layer capacitance.54 Because the depletion-layer capacitance no
longer contributes to screening the external electric field, the excess
carriers associated with the quantum capacitance necessarily play a
major role in atomically thin layers. Because of the highly localized
electric field beneath the tip, the excess carriers originate from the
region around the tip. The density of majority carriers is then locally
modulated, which results in a substantial dC=dV signal. Although
the imaging mechanism differs from that in thicker samples, where
the mechanism is governed by depletion-layer capacitance, the polar-
ity of the dC=dV signal on the atomically thin layers has been
shown to depend on the majority carrier type in the same manner
as that on thicker areas with depletion-layer capacitance.37
As is well known in the theory of MIS capacitors, the capaci-
tance–voltage (CV) characteristics of semiconductors contain rich
physical information about them. In particular, the polarity
and concentration of majority carriers is reflected in the slope of
the CV characteristics in the high-frequency region, as shown in
Fig. 2(a). If the dC=dV signal exhibits negative (positive) polarity,
the majority carriers below the tip are identified as electrons
(holes).55 The measurement by SNDM is similar to the conven-
tional CV measurement in a high-frequency regime, where SNDM
only measures capacitance variation (dC=dV) rather than the
capacitance itself.
SNDM is typically sensitive to carrier concentrations in the
range from 1013 cm3 to 1020 cm3, as demonstrated for Si test
materials and devices.43,56 Depending on the samples and
conditions, as shown in Fig. 2(b), the carrier concentration is
typically a bivalent function of the dC=dV signal,57 which implies
that the dC=dV signal is more sensitive to intermediate carrier con-
centrations than to very high (*1019 cm3) and low (&1014)
doping levels.
The use of SNDM with PFT-mode AFM (PFT-SNDM) is ben-
eficial for avoiding damage to the microscopy tips and samples41
because the lateral force during a scan can be suppressed to a
greater extent than that during contact-mode AFM.50,58 In addi-
tion, PFT-SNDM also improves imaging stability by suppressing
carrier injection from the tip, which can frequently cause sudden
and accidental changes in the signal level in a contact mode.44
However, the intermittency of the contact greatly reduces the
signal-to-noise (S/N) ratio because the dC=dV signal is substantial
only when the tip is in contact with the surface.59 To improve the
S/N ratio in our experiments, we applied a boxcar averaging
method to selectively average the peak values at the contact. This
approach typically improves the S/N ratio threefold, as explained in
greater detail elsewhere.60
III. UNINTENTIONAL DOPING ON Nb-DOPED MoS2
We used SNDM to image the majority carrier distribution in
MoS2 mechanically exfoliated on SiO2. The samples were mechani-
cally exfoliated from bulk natural (SPI Supplies) and Nb-doped
MoS2 (HQ Graphene) using the Scotch-tape method.
5 The major-
ity carriers in the bulk are electrons and holes. The substrates were
highly doped (0.001–0.005Ω cm) Si wafers with a 300 nm-thick
thermal oxide layer for optical visibility of the exfoliated
samples.61,62 The measurement was performed in air at room tem-
perature. For the dC=dV imaging, a microcantilever with a
Pt–Ir-coated tip (Nanosensors, PPP-EFM) with a nominal reso-
nance frequency of 75 kHz and a force constant of 2.8 N/m was
mounted onto an LC oscillator oscillating at approximately 1 GHz.
The dC=dV signal was demodulated through a commercial fre-
quency demodulator (Anritsu, MS616B) and a lock-in amplifier
(Zurich Instruments, HF2LI). These apparatuses were incorporated
into a commercial scanning probe microscopy system (Bruker,
Icon) operated in a PFT mode with a tapping frequency of 2 kHz.
We applied a sinusoidal voltage with a frequency of 200 kHz to the
Si substrate to modulate the tip–sample capacitance. The amplitude
of the voltage was limited to less than 2.0 Vpk to suppress the
charge injection from the tip. In this regime, we could reproducibly
achieve image contrast from the majority carriers intrinsic to the
sample. The setpoint of PFT-mode AFM was adjusted to maintain
FIG. 2. Schematics of (a) ideal high-frequency capacitance–voltage characteristics of a metal–insulator–semiconductor capacitor and (b) dependence of the dC=dV signal
on the majority n- and p-type carrier concentration (n and p, respectively).
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a contact resistance as high as 1 GΩ to form a capacitive tip–
sample coupling.37,41 The images were post-processed using the
GWYDDION software.63 Although a slight parasitic offset was gen-
erated in the dC=dV signal even on the bare SiO2, it was almost
negligible and was subtracted from the signal for each pixel, as
done in previous studies.37,41
Figure 3 shows topographic [Fig. 3(a)] and dC=dV images
[Fig. 3(b)] of natural MoS2 mechanically exfoliated on SiO2. The
images were collected by applying a sinusoidal voltage of 0.5 Vpk.
The SiO2 surface was partly covered with single-, triple-, and multi-
layer MoS2, as indicated by bold Arabic numbers in Fig. 3. The
number of stacking layers were estimated on the basis of the differ-
ent heights measured in the topographic profiles. We assumed that
the height difference for one layer was 0.7 nm. Whereas the dC=dV
signals were negligible on the bare SiO2, they were substantially
negative on all of the MoS2 layers. This result implies that the
natural MoS2 layers, including single-layer MoS2, were n-doped, as
expected. These results are consistent with those in our previous
report.41
In contrast to natural MoS2, the Nb-doped MoS2 layers exhib-
ited unexpected dC=dV contrast. Figure 4 shows topographic
[Fig. 4(a)] and dC=dV images [Fig. 4(b)] of the Nb-doped MoS2
on SiO2. The amplitude of the applied voltage was 0.5 Vpk. As
denoted by bold Arabic numbers in Fig. 4, MoS2 layers with many
different layer numbers (L) ranging from L ¼ 1 to L ¼ 22 were
observed, although the estimation error might be large for thick
layers. The dC=dV signal was positive for almost all of the MoS2,
which shows that the majority carriers were p-type, as expected
from Nb-doping. Notably, however, MoS2 layers with L ¼ 1, 2, 3
did not show a positive signal. In particular, the single-layer MoS2
located on both the left and right sides in Fig. 4 had unexpected
negative dC=dV polarity. This unexpected p- to n-type transition
has often been observed, especially on single-layer MoS2, as also
described in our previous report.41
To discuss additional details of the observed p- to n-type tran-
sition, we investigated the dependence of the dC=dV signal on the
number of stacking layers L. Figure 5 shows a plot of the depen-
dence of the dC=dV signal on L. Each red bar denotes the spatial
average of dC=dV signals of the areas that share identical layer
numbers. We calculated the individual average values of the
dC=dV signal by manually selecting the corresponding areas using
the GWYDDION software; their edges and boundaries were
excluded from the averaging because some of them appeared to
exhibit anomalously high signals, possibly due to different elec-
tronic states. The error bars in the bar graph represent the standard
deviation of the dC=dV signals, and “NA” indicates that no data
were available because of a lack of MoS2 layers with the corre-
sponding layer number. As L decreased from 22 to 1, the dC=dV
signal remained positive and almost constant for L  7 but rapidly
increased from L ¼ 7 to L ¼ 5. The signal reached the maximum
value at L ¼ 5 and then decreased from L ¼ 5 to L ¼ 1. For L ¼ 3,
the dC=dV was almost zero, and the polarity eventually became
negative at the areas with L ¼ 1 and L ¼ 2.
A plausible explanation for the observed layer-number depen-
dence is the surface electron accumulation recently reported by
Siao et al., who suggested that a high density of sulfur vacancies on
the surface act as electron donors.32 Applying their ideas to our
case, we attribute the observed layer-number dependence to a com-
peting effect of the p-doping in the bulk and the n-doping on the
surface. This effect is important for considering control of the
doping levels in atomically thin layered semiconductors, which
generally have a very high surface-to-volume ratio. For the thick
FIG. 3. Simultaneous topographic (a)
and dC=dV (b) images of natural
MoS2 mechanically exfoliated on a
thermally oxidized Si substrate. Bold
Arabic numbers in (a) and (b) indicate
the number of stacking layers. “ML”
denotes a multilayer area.
FIG. 4. Simultaneous topographic (a) and dC=dV (b) images of Nb-doped MoS2 mechanically exfoliated on thermally oxidized Si substrates. Bold Arabic numbers in (a)
and (b) denote the number of stacking layers.
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MoS2 layers with L  7, the original p-type-majority carriers sup-
plied from the Nb acceptors are much more pronounced than the
n-doping from the surface because of their low surface-to-volume
ratio. Because our Nb-doped MoS2 sample nominally has a bulk
acceptor concentration as high as 5 1019 cm3, which is compa-
rable to the upper detection limit of SNDM, the dC=dV signals on
the thick layers are relatively weak and almost constant irrespective
of the number of layers, as depicted in Fig. 2(b). The MoS2 layers
for L  7 are sufficiently thick to maintain their original high inter-
nal hole concentrations despite the n-doping effect from the
surface. As L decreases to less than 7, the surface-to-volume ratio
increases, and the n-doping from the surface becomes more pro-
nounced with decreasing L. This enhanced n-doping results in a
rapid increase and a subsequent decrease in the average of the
dC=dV signal for the intermediate hole concentration. The inten-
sity of the dC=dV signal thus shows a single peak as a function of
L. At L ¼ 3, because the doping effects from bulk and surface
completely cancel each other, the dC=dV signal becomes negligible.
As L eventually reaches 1 and 2, the surface-to-volume ratio
becomes extremely high and the surface n-doping becomes appar-
ent instead of the bulk p-doping.
On the basis of the same idea, we can quantitatively estimate
the surface electron concentration from our results and the
nominal bulk p-doping level. As already mentioned, the dC=dV
signal was negligible at L ¼ 3, which implies that the electron con-
centration from the surface was balanced with the concentration of
holes supplied by the Nb acceptors. Because the bulk p-doping
concentration of 5 1019 cm3 is equivalent to an areal concentra-
tion of 3.51012 cm2 per layer, p-doping of 11013 cm2 was
balanced with the surface n-doping at L ¼ 3. Thus, the surface
electron concentration (ns) was estimated to be ns ¼ 1 1013 cm2
in our case. In fact, this result is in agreement with the reported ns
value in the range from 3:8 1012 to 6:4 1012 cm2, which was
obtained in a scanning tunneling spectroscopy study of the surfaces
of thick MoS2 layers rather than the surface of few-layer MoS2.
32
The estimated value is also consistent with an anomalously high32
residual electron concentration of single-layer MoS2-FETs at zero
gate voltage.18 Notably, the analysis here relies on the detection of
carrier depletion occurring at L ¼ 3. Our analysis is independent of
whether depletion-layer capacitance or quantum capacitance plays
dominant roles and solely depends on the layer number at which
the surface n-type carriers compensate for the bulk p-type carriers.
Thus, the estimated value of ns does not strongly depend on the
imaging mechanism.
Fang et al. have recently reported a similar p- to n-type transi-
tion with decreasing number of layers in Nb-doped MoS2 FETs.
33
They reported that Nb-doped MoS2 FETs whose p-type MoS2
channels were prepared by mechanical exfoliation on SiO2 showed
p-type transport for multilayers, ambipolar behavior for four-layer,
and n-type transport for single- and double-layer MoS2 FETs.
Their experimental findings are attributable to surface electron
accumulation,32 and the estimated ns value is 8:5 1012 cm2.33
The observed p- to n-type transition of the transport polarities in
Nb-doped MoS2-FETs appears to be closely related to the change
in majority carrier polarity imaged by SNDM. In our case, p-type
carriers were dominant for L  4, carrier depletion occurred at
L ¼ 3, and n-type carriers became dominant at L ¼ 1 and 2, which
corresponds well with the observed transition in the Nb-doped
MoS2 FETs. In view of the very good agreement among the experi-
mental results, including the estimated ns values from independent
studies, we speculate that SNDM visualized the p- to n-type transi-
tion originating from surface electron accumulation on MoS2.
Notably, a discrepancy still exists between the observed layer-
number dependence of the dC=dV signal and the estimated ns
value. This discrepancy remains because, if we assume that the
n-doping from the surface fully contributes to the carrier concen-
tration of the sample, all of the MoS2 layers except that with L ¼ 3
should have a high carrier concentration on the order of 1019 cm3
(e.g., 5 1019 cm3 for L  10, 2:9 1019 cm3 for L ¼ 7,
2:3 1019 cm3 for L ¼ 6, 2 1019 cm3 for L ¼ 5, and
1:3 1019 cm3 for L ¼ 4). However, the dC=dV signal in this
very high concentration regime is not sensitive to variations of
carrier concentration within the same order of magnitude, which
typically cause an intensity change of a few times at most, as
reported in Refs. 56 and 64 but for doped Si. By contrast, the
observed dC=dV signals in Fig. 5 differ by almost one order of
magnitude in the range from L ¼ 7 to L ¼ 4. Therefore, the carrier
concentration is reasonably considered to also vary by orders of
magnitude as a function of L. The gap might be attributable to
carrier trapping at the interface states. If we assume that the carri-
ers are trapped at the interface on the order of 1012 cm2, the
carrier concentration can vary by orders of magnitudes for
4  L  7, which well explains the observed large variation of the
dC=dV signal and implies that a large number of the remaining
holes are trapped at the interface states. In fact, Fang et al. have
reported an interface state density on the order of 1013 cm2 eV1
from 0.2 eV to 0.4 eV from the edge of the valence band.33 Notably,
we do not consider here what roles quantum capacitance plays in
the rapid variation of the dC=dV signal observed in Fig. 5.
Although our estimation is consistent with those of previous
FIG. 5. The dependence of the dC=dV signal on the number of stacking layers
(L). Error bars represent the standard deviation. “NA” indicates that datum was
not available. dC=dV was positive for L  4, negligible at L ¼ 3, very slightly
negative at L ¼ 2, and strongly negative at L ¼ 1. L ¼ 0 indicates the bare
SiO2.
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studies, further investigation is needed to clarify the role of
quantum capacitance, which might provide more detailed insights
into the electronic states of atomically thin semiconductors.
In this section, we describe our use of SNDM to visualize the
p- to n-type transition on atomically thin Nb-doped MoS2 layers
on SiO2. The observed transition is in very good agreement with
the p- to n-type transition in the carrier transport, which has previ-
ously been reported for atomically thin Nb-doped MoS2-FETs by
Fang et al.33 Both transitions are well explained by the surface elec-
tron accumulation observed by Siao et al.32 Notably, in our discus-
sion, we only considered the difference in the carrier concentration
to explain the layer-number dependence shown in Fig. 5 and
excluded some other factors that may affect the dC=dV signal. One
such factor is that the voltage across the sample differs by L
because a sinusoidal voltage is applied to the Si substrate rather
than to the sample itself. As also discussed by Berweger et al., who
used scanning microwave microscopy to characterize atomically
thin layered semiconductors, the applied voltage is divided by three
series capacitances associated with the sample, the SiO2 layer, and
the Si substrate.37 Among them, the capacitance of the substrate is
sufficiently high for the substrate to be treated as a metallic elec-
trode; the Si substrate then does not give rise to a dC=dV signal
because its doping level is as high as 1020 cm3. Although the
SiO2 layer does not contribute to the dC=dV signal, the voltage
across the sample varies depending on the capacitance ratio of SiO2
to MoS2 because the SiO2 layer is one or two orders magnitude
thicker than a typical atomically thin layer and has a smaller capac-
itance than the sample. Thus, as L decreases, the capacitance of the
sample increases, but the voltage across it decreases. These effects
are competitive and possibly result in a minor contribution to the
variations in the dC=dV signal because the signal intensity
decreases with decreasing voltage across the sample but increases
with increasing sample capacitance. Other factors excluded here
include fixed charges and interface states, which can modulate the
carrier concentration. However, even though their density is high,
the situation is likely to be the same for all stacking layers on the
same substrate; thus, this factor also results in minor effects.
Although a detailed study is necessary, we speculate that the differ-
ence in carrier concentration among MoS2 layers with different
layer numbers plays a primary role in the observed layer-number
dependence of the dC=dV signal.
IV. EFFECT OF THE ULTRAVIOLET–OZONE TREATMENT
We further used SNDM to characterize the same Nb-doped
MoS2 sample subjected to the UV/O3 treatment. A UV/O3 treat-
ment is often used as a pretreatment prior to the atomic-layer dep-
osition (ALD) of gate insulators for the fabrication of atomically
thin MoS2 devices.
45,46,48 A UV/O3 treatment promotes high-
quality ALD growth of dielectrics on MoS2 by functionalizing the
dangling-bond-free surface to create a nucleation layer.45,49 The
UV/O3 treatment has also been demonstrated to be useful for
transforming double-layer MoS2 to single-layer MoS2 with strong
photoluminescence.65 However, the doping effects of UV/O3 treat-
ments have seldom been discussed. Here, we used SNDM imaging
to investigate the doping b of UV/O3-treated Nb-doped MoS2.
Figure 6 shows topographic and dC=dV images acquired after
10 min [Figs. 6(a) and 6(b)], subsequent 5 min (15 min total)
[Figs. 6(c) and 6(d)], and additional 5 min (20 min total) UV/O3
treatments [Figs. 6(e) and 6(f )]. In our experiment, O3 was gener-
ated by a 185 nm and 254 nm wavelength UV radiation source with
an illumination intensity of approximately 10 mW/cm2 (Asumi
Giken, ASM401N). The amplitudes of applied sinusoidal voltages
for dC=dV imaging were 2.0 Vpk, 1.0 Vpk, and 1.0 Vpk. The scan
areas were almost identical to that in Fig. 4. In each figure, bold
Arabic numbers indicating the layer numbers determined before
the treatment are also simply reproduced from Fig. 4. The topo-
graphic images [Figs. 6(a), 6(c), and 6(e)] show that our UV/O3
treatment roughened the surfaces of the MoS2 layers, which might
be related to the structural degradation and distortion suggested by
other authors.66 In addition, we observed numerous particles with
a size of a few hundred nanometers; these particles were likely
formed by adsorbates on the chemically activated MoS2 surface.
65
In terms of the dC=dV images, overall, as the process time
increases, the proportion of n-doped areas in dark blue increases.
In greater detail, the n-type transition occurred on the MoS2 layers
with 3  L  6 during the process, whereas these layers were
depleted or evidently p-doped before treatment, as shown in
Fig. 4(b). However, the thicker MoS2 layers with L  7, which
remained p-type even after 20 min of the total process time, as a
whole, exhibited higher signal intensities than before the treatment.
This result implies that n-doping occurred even on these thick
MoS2 layers, where the hole concentrations decreased substantially.
The reason for the increase in the signal intensity is that the hole
concentration decreases from the original value (5 1019 cm3)
close to the upper detection limit to an intermediate regime.
Because of the bivalent property illustrated in Fig. 2(b), the signal
intensity should increase as L decreases. For L ¼ 1 and 2, the
signal intensity immediately became negligible 10 min after the
start of the treatment and did not change thereafter. Thus, heavy
additional n-doping by surface functionalization greatly decreased
the dC=dV signal for these already n-doped layers. Another possi-
bility is that our UV/O3 treatment transformed these thin MoS2
layers into insulating MoO3 layers,
66,67 which can also explain the
negligible dC=dV signal for these layers. The formation of MoO3
layers has been addressed in the literature studies,66,67 although
UV/O3 treatment has also been considered to induce S–O bond
formation at the top sulfur layer on the MoS2 surface without
forming a MoO3 layer.
45,68
Because the observed n-doping compensated for bulk
p-doping by Nb acceptors for L ¼ 6 but not for L ¼ 7, the doping
level resulting from our UV/O3 treatment is estimated to be
2 1013 cm2. This result is comparable with the n-doping level by
surface electron accumulation considered in Sec. III. Thus, our
results indicate that the UV/O3 treatment during device fabrication
may easily cause a p- to n-type transition in the carrier transport of
atomic-layer MoS2 FETs, which should be considered in the design
of device fabrication processes.
Notably, the observed p- to n-type transition shows strong
spatial inhomogeneity. The polarity of the majority carriers might
differ even in the areas with the same layer number after the
UV/O3 treatment. For example, the MoS2 layers with L ¼ 5
at the bottom right of Fig. 6(d) exhibited both hole- and
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electron-dominant areas. This observation implies that, even
though the devices are fabricated from channel materials with a
uniform layer number, the inhomogeneity of the majority carrier
distribution could cause unexpected carrier transport properties in
MoS2 FETs. The results presented here indicate that SNDM
imaging will be useful in pre-evaluating the uniformity of the
distribution of majority carriers prior to device fabrication.
V. CONCLUSION
In this paper, we used SNDM to investigate unintentional
carrier doping on atomically thin Nb-doped MoS2 mechanically
exfoliated on SiO2. SNDM imaging of the as-exfoliated sample
visualized the p- to n-type transition on the atomically thin MoS2
layers with decreasing layer number. The observed transition is
attributable to the surface electron accumulation reported
recently.32 The n-doping level is estimated to be 1 1013 cm3, in
agreement with the results of previous independent studies.32,33 We
also investigated the impact of ultraviolet–ozone treatment on the
majority carrier distribution on the same sample. We found that
n-type doping progressed in a spatially nonuniform manner with
increasing process time. The doping level was also estimated to be
on the order of 1013 cm3. These unintentional doping effects can
strongly influence the carrier transport properties of MoS2 FETs.
As presented here, SNDM can be readily used to image atomically
thin layered semiconductors and will aid in understanding and
predicting the carrier transport properties of the devices, even at an
early stage of fabrication.
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